Thyroid hormone responsive spot 14 (THRSP) is a small nuclear protein that responds rapidly to thyroid hormone. It has been shown that THRSP is abundant in lipogenic tissues such as liver, fat and the mammary gland in mammals. The THRSP gene acts as a key lipogenic activator and can be activated by thyroid hormone triiodothyronine (T3), glucose, carbohydrate and insulin. Here we report that chicken THRSP is also abundant in lipogenic tissues including the liver and the abdominal fat, and its expression levels increased with sex maturation and reached the highest level at the peak of egg production. Structure analysis of the THRSP gene indicates that there is a conscious estrogen response element (ERE) located in the −2390 -−2402 range of the gene promoter region. Further studies by ChIPqPCR proved that the ERα interacts with the putative ERE site. In addition, THRSP was significantly upregulated (P < 0.05) when chickens or chicken primary hepatocytes were treated with 17β-estradiol in both the in vivo and in vitro conditions. We therefore conclude that THRSP is directly regulated by estrogen and is involved in the estrogen regulation network in chicken. Spot 14, also referred to as thyroid hormone responsive spot 14 (THRSP), was originally identified in rat liver 1 . Immunoprecipitation and tissue distribution studies demonstrated that THRSP is primarily located in the nucleus and abundant only in lipogenic tissues such as liver, fat and the mammary gland 2, 3 . The THRSP is a small nuclear protein that is rapidly upregulated by thyroid hormone triiodothyronine (T3) signals that induce lipogenesis 4 . In addition, glucose, carbohydrate, polyunsaturated fatty acids and insulin can also influence and regulate THRSP transcription 5 . It has been shown that THRSP, as an important transcription factor in hepatocytes, is a lipogenic activator that controls the expression of several lipogenic genes [6] [7] [8] . Hepatocytes transfected with a THRSP antisense oligonucleotide express decreased mRNA levels in enzymes, such as ATP-citrate lyase (ACLY), fatty acid synthase (FASN) and malic enzyme (ME), involved in the lipogenic pathway [8] [9] [10] . Furthermore, an increase in lipogenesis was observed in the THRSP knockout mouse and THRSP overexpression increased mRNA levels of FASN in bovine mammary epithelial cells 11 . The chicken THRSP gene was first identified by microarray analysis as an expressed sequence tags (EST), and subsequently mapped to 1q41-44
Spot 14, also referred to as thyroid hormone responsive spot 14 (THRSP), was originally identified in rat liver 1 . Immunoprecipitation and tissue distribution studies demonstrated that THRSP is primarily located in the nucleus and abundant only in lipogenic tissues such as liver, fat and the mammary gland 2, 3 . The THRSP is a small nuclear protein that is rapidly upregulated by thyroid hormone triiodothyronine (T3) signals that induce lipogenesis 4 . In addition, glucose, carbohydrate, polyunsaturated fatty acids and insulin can also influence and regulate THRSP transcription 5 . It has been shown that THRSP, as an important transcription factor in hepatocytes, is a lipogenic activator that controls the expression of several lipogenic genes [6] [7] [8] . Hepatocytes transfected with a THRSP antisense oligonucleotide express decreased mRNA levels in enzymes, such as ATP-citrate lyase (ACLY), fatty acid synthase (FASN) and malic enzyme (ME), involved in the lipogenic pathway [8] [9] [10] . Furthermore, an increase in lipogenesis was observed in the THRSP knockout mouse and THRSP overexpression increased mRNA levels of FASN in bovine mammary epithelial cells 11 . The chicken THRSP gene was first identified by microarray analysis as an expressed sequence tags (EST), and subsequently mapped to 1q41-44 12 . This chromosomal region in chickens also harbors quantitative trait loci (QTL) for skin and abdominal fatness 13 . Comparative sequence analysis among mammalian and chicken THRSP genes demonstrated a similar gene organization with 2 exons and an intron, but the chicken THRSP peptide had a low similarity (less than 30% of identities and 50% of positives) to the THRSP amino acid sequences of mammals and fishes 14, 15 . Furthermore, the chicken THRSP genes appear to be predominantly expressed in lipogenic tissues such as the liver and abdominal fat of feeding nestling broiler chickens, and the polymorphisms in the coding regions of the paralogous genes were associated with the abdominal fatness of chickens 12, 14 . Nuclear hormone receptors are ligand-activated transcription factors that regulate gene expression by interacting with specific DNA sequences upstream of the target genes. Thyroid hormone is secreted by the thyroid gland and plays an important role in the hypothalamus-pituitary-thyroid axis. Thyroid hormones function through a group of nuclear receptors, namely the thyroid hormone receptors (TRs), which interact with the hormone receptor elements (TREs) upstream of target genes. As a thyroid hormone responsive protein, three positive TREs were identified upstream of the THRSP gene in mammalian systems [16] [17] [18] . Moreover, there are also carbohydrate response elements (ChoRE) 4 and sterol response elements (SRE) 19, 20 in the promoter of the THRSP gene. The estrogen receptors (ERs) are also nuclear hormone receptors, mediate the physiological actions of estrogen and regulate the transcription of target genes 21, 22 by forming dimers with estrogen and binding to a canonical 13-bp ERE, GGTCANNNTGACC (N represents any of the nucleotides), a palindromic inverted repeat separated by any three nucleotides (NNN) 23, 24 . Estrogen is vitally important for sexual maturity and the development of the female reproductive system 25, 26 . Our previous work on the transcriptome of the liver in chickens showed that the THRSP gene was one of the differently expressed genes, which increased by 6.24-fold in peak-laying hens (30 weeks old) compared with pre-laying hens (20 weeks old) 27 . It was generally suggested that the upregulated genes in the livers of laying hens were regulated by estrogen and involved in lipid metabolism given that in laying hens plasma estrogen was relative higher than in immature pullets for certain periods 28, 29 . Additionally, more lipoproteins, mainly very low density lipoproteins and vitellogenins, were synthesized from the hen's liver and transported to rapidly growing oocytes 30 . Many differently expressed key lipid metabolism genes in our transcriptome were reported to be involved in the estrogen regulation network, such as VTG2, ApoB and very low density apolipoprotein II (APOV1). The VTG2 is a member of a small gene family encoding the yolk precursor proteins, the expression of which is strictly dependent on estrogen [31] [32] [33] . The mature APOV1 mRNA appears in chicken liver within a few hours after estrogen administration 34 . Moreover, the ERE sequence was originally identified by the conserved sequence of the estrogen-sensitive Xenopus laevis VTG2 and the chicken APOV1 genes 24 . THRSP has been postulated to be a lipogenic activator; however, whether the expression of THRSP is regulated by estrogen in the liver is unknown. Therefore, the objective of the present study was to investigate regulatory mechanisms of THRSP in the liver of laying hens.
Materials and Methods
Ethics Statement. The birds used in this study were Lushi green-shelled-egg chickens that were obtained from the Animal Center of Henan Agricultural University. The birds were raised in similar environmental conditions with food and water ad libitum. All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Henan Agricultural University Zhengzhou, P.R. China (Permit Number: 11-0085) and performed in accordance with the protocol outlined in the "Guide for Care and Use of Laboratory Animals" (Henan Agricultural University). All efforts had been done to decrease animals suffering. All birds were euthanized with pentobarbital.
Animals, treatment and sampling. To study the expression profiles of THRSP, 6 birds each at different development stages (10, 15, 20, 30 and 35 weeks old) were euthanized. A total of 11 tissues including the heart, liver, pectoral muscle, kidney, adrenal gland, spleen, abdominal fat, duodenum, glandular stomach, pancreas and lung were quickly removed, snap-frozen in liquid nitrogen and stored at −80 °C freezer until analysis.
To investigate the effect of 17β-estradiol on the expression of THRSP, a total of 70 birds at 10 weeks old were divided randomly into 7 groups, with 10 birds in each group. The first 3 groups of birds were injected intramuscularly (chest muscle) with 0.5 mg, 2.0 mg or 8.0 mg of 17β-estradiol (Sigma, St Louis, MO, USA) (dissolved in olive oil)/kg of body weight, respectively. The birds were euthanized 12 hours after treatment. Another 3 groups of birds were also injected with the same amounts of 17β-estradiol as it was done in the first 3 groups, but euthanized 24 hours after treatment. The last group of birds was served as control and injected with the same amount of solvent only. The liver and adipose tissues were collected and stored as mentioned above.
Primary hepatocyte culture and treatment. The method of chicken primary hepatocyte isolation was the same as described previously 35, 36 . In brief, hepatocytes were isolated from 18-day chicken embryonic livers. Each data point represents the mean ± SD of 6 chickens (n = 6). *P < 0.05; **P < 0.01; ***P < 0.001; NS, no significant difference versus control.
A total of 1 × 10 6 cells/well was seeded into 6-well plates. When the cells reached 90% confluence, cell culture medium was replaced by fresh serum-free DMEM medium containing 100 mg/mL streptomycin and 100 U/mL penicillin, and incubated for 6 hours. Cells were divided into four groups with triplicates, and were treated with 17β-estradiol dissolved in 0.1% ethanol at a final concentration of 25 nM, 50 nM or 100 nM, respectively. Cells treated with ethanol alone were used as controls. Cell culture medium was removed 24 hours after initial culture, washed twice with PBS, and followed by the addition of 1 mL of Trizol reagent (Takara, Kyoto, Japan) in each well. Cells were then collected by a cell scraper, and stored at −80 °C until use.
To further demonstrate that the expression of THRSP is regulated by estrogen, primary hepatocytes were treated with 100 nM of 17β-estradiol alone or in the presence of the ICI 182,780, an estrogen receptor antagonist at 1 μM. Cells treated with ethanol alone were used as controls. Six replicates were included in each group. Cells were collected 24 hours after treatment, and stored at −80 °C until use.
RNA extraction and reverse transcription. Total RNA was extracted from different tissues and primary hepatocyte using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Each of the RNA samples was treated with DNase I (Invitrogen #18068015) to remove trace amounts of genomic DNA according to the manufacturer's instructions. The integrity of total RNA was confirmed by gel electrophoresis, and the RNA concentration was determined using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). The RNA samples with OD260/280 ratios above 1.8-2.0 were used for further study.
Single-stranded cDNA was synthesized using random hexamer primers with the Thermo Scientific ™ Revert Aid First Strand cDNA Synthesis kit (Thermo Scientific) following the manufacturer's protocol. The cDNA was stored at −20 °C until use.
Chromatin immunoprecipitation (ChIP).
Liver tissues collected from birds treated with 2.0 mg /kg of estrogen were used in the Chip assay. The ChIP assay was performed using a kit (Millipore, Billerica, MA, USA) according to the manufacturer's protocol. Briefly, 100 mg chicken liver tissue were cross-linked with 1% formaldehyde for 15 min at 37 °C and stopped with 2.0 M glycine. Then the samples were re-suspended in SDS lysis buffer (50 mM Tris-HCl at pH 8.0, 1% SDS, 10 mM EDTA, and protease inhibitors). Chromatin were sheared by probe FASN and SCD mRNA expression levels in chicken livers quantified by qPCR after they were treated with different doses of 17β-estradiol for 24 hours, respectively. Each data point represents the mean ± SD of 6 chickens (n = 6). *P < 0.05; **P < 0.01; ***P < 0.001; NS, no significant difference versus control. and THRSP mRNA expression levels in primary hepatocytes treated by 100 nM 17β-estradiol and 10 nM ICI. Each data point represents the mean ± SD of 6 chickens (n = 6). *P < 0.05; **P < 0.01; ***P < 0.001; NS, no significant difference versus control. sonication (5 × 10 s pulses, 30% amplitude), to an average fragment size of 200-500 bp. The lysates were cleared by centrifugation and diluted with ChIP dilution buffer (16.7 mM Tris-HCl at pH 8.1, 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM NaCl, and protease inhibitors). Cell lysates were incubated with an anti-ERα (0.2 mg/mL, Invitrogen Ltd, Paisley, UK Catalog #: MA5-13065) or an anti-IgG control antibodies (Cell Signaling, Boston, MA, USA) for 12 hours at 4 °C, and then captured with the Protein G-agarose (Santa Cruz, Dallas, TX, USA). The purified DNA (IP sample) was amplified by qPCR. Meanwhile, 20% of starting chromatin without chromatin immunoprecipitation was used as input to represent the unselected DNA content. Fold Enrichment Method was used to normalize the ChIP-qPCR data. Fold Enrichment = log 2 −ΔΔCt , ΔCt(THRSP) = Ct(IP)− Ct(Input) − log 2 5 , ΔΔCt = ΔCt(THRSP) − ΔCt(IgG).
Quantitative real-time PCR (qPCR). The qPCR was performed using a LightCycler 96 system (Roche)
by the SYBR Green method according to the method of Nolan 37 . Each individual sample for qPCR was run in triplicate. Chicken β-actin was used as an internal control. Each reaction contained 5 µl of SYBR Green PCR Master Mix (Takara), 3.5 µl of RNase-free water, 0.5 µl each of forward and reverse primers (10 μM) and 0.5 µl of Figure 6 . Effects of 17β-estradiol on TH relative genes expression levels in the liver. (A-F) THRα, THRβ, Dio1, Dio2, ADH1B and PIK3CA mRNA expression levels in chicken liver quantified by qPCR after they were treated with different doses of estrogen for 12 hours, respectively. Each data point represents the mean ± SD of 6 chickens (n = 6). *P < 0.05; **P < 0.01; NS, no significant difference versus control. extracted cDNA (1000 ng/μL). The amplification protocol was used as follows: denaturation at 95 °C for 5 minutes; followed by 40 amplification cycles at 95 °C for 30 seconds, annealing at 60 °C for 30 seconds and elongation at 72 °C for 20 seconds. After amplification, melting curve analysis was performed as follows: 95 °C for 10 seconds; annealing temperature of 65 °C for 20 seconds; continuous temperature gradient to 97 °C with 5 acquisitions/s. The expression levels were measured in terms of the cycle threshold (Ct) and then normalized to β-actin using the 2 −ΔΔCt method. The primers for qPCR were designed by the NCBI Primers-BLAST online programs (https:// www.ncbi.nlm.nih.gov/tools/primer-blast/). The forward and reverse primers for qPCR and ChIP-qPCR are shown in Table 1 .
Statistical analysis. Statistical analyses of the qPCR results were carried out using SPSS version 20.0.
One-way ANOVA and repeated measures ANOVA were used for statistical analysis of relative expression levels, followed by Dunnett's test. Graphics were drawn using Graphpad Prism 5 (Graphpad Software, San Diego, CA, USA), and differences were considered significant at P ≤ 0.05. Data were expressed as the mean ± SD.
Results
Expression patterns of THRSP in various tissues of chicken. The expression patterns of THRSP in various tissues including the heart, kidney, liver, spleen, brain, muscle and white adipose tissue of 10-week and 30-week-old chickens were detected by qPCR. The results showed that expression of THRSP mRNA was mainly confined to the liver and adipose tissue, where its abundance was the highest, followed by the pancreas and heart (Fig. 1A and B) . The level of THRSP expression was greater in abdominal fat than in the liver with 10-week-old chickens, but was less in the abdominal fat at 30 weeks. Interestingly, the results showed that an expected increase of 40-fold was detected in THRSP mRNA levels in the liver at 30 weeks compared with 10 weeks (Fig. 1C) . However, a dramatic decrease of 2-fold was detected in THRSP mRNA levels in adipose tissue at 30 weeks compared with 10 weeks (Fig. 1C) .
Expression patterns of THRSP in the livers of chickens at different developmental stages. The expression levels of THRSP mRNAs in the livers of chickens at different developmental stages were detected by qPCR. The results showed that the expression levels of THRSP mRNA increased with sex maturation and reached the highest level at 30 weeks ( Fig. 2A) . According to egg production records, Lushi green-shelled-egg chickens start their first egg at an average age of 21 weeks old, and reach the peak rate of egg production at about 28 weeks. We further compared the expression pattern of the THRSP mRNA and the egg production curve of the Lushi green-shelled-egg chickens. Our data suggest a similar changing tend between the THRSP mRNA expression and the egg production (Fig. 2B) .
Effect of 17β-estradiol on THRSP expression in the liver and abdominal fat. The upregulation of genes involved in lipogenesis in the liver of chickens was mainly induced by estrogen because estrogen levels were increasing with sex maturation, reached peak levels before the first egg and stayed at relatively higher levels during the egg production period 28, 29 . Therefore, it was speculated that expression of THRSP in the liver of chickens was regulated by estrogen. To assess this, the 10-week-old juvenile hens were treated with different concentrations of 17β-estradiol for various periods. The APOV1 mRNA appears in chicken liver within a few hours after estrogen administration 34 , and its expression is strictly dependent on estrogen 24 . As a positive control, the expression levels of APOV1 mRNA increased dramatically after 17β-estradiol treatment for 12 hours and 24 hours in the liver (P < 0.01) (Fig. 3A and B) . Meanwhile, the expression levels of THRSP mRNA also significantly increased in both the liver and adipose tissue after 17β-estradiol treatment for 12 hours or 24 hours (Fig. 3C-F) . We also measured expression levels of three lipogenic genes including AACS, SCD and FASN in livers of birds treated with or without 17β-estradiol. All three genes were significantly upregulated in chicken livers by the estradiol treatment (Fig. 4) . Effect of 17β-estradiol on THRSP expression in primary hepatocytes. To further verify whether the expression levels of THRSP were regulated by estrogen, in vitro cultured chicken embryonic primary hepatocytes were treated with different doses of 17β-estradiol. The expression levels of the APOV1, MC5R and THRSP genes were detected using qPCR. The expression levels of APOV1 mRNA, as a positive control, were significantly upregulated by 17β-estradiol treatment (Fig. 5A) . As previously demonstrated 35 , treatment with 17β-estradiol did not change the expression of the MC5R gene in chicken embryonic primary hepatocytes (Fig. 5B) . The expression levels of THRSP mRNA increased in a dose-dependent manner (Fig. 5C) .
To examine the effects of estrogen on the expression of THRSP gene further, the estrogen receptor antagonist ICI 182,780 together with 17β-estradiol were used to treat the in vitro cultured chicken embryonic primary hepatocytes. The results showed that the expression of APOV1 and THRSP induced by 17β-estradiol was strongly antagonized by ICI 182,780 (Fig. 5D and F) . However, the MC5R mRNA was not significantly changed by treatment with 17β-estradiol in the presence or absence of the ICI 182,780 (Fig. 5E) .
Effect of 17β-estradiol on thyroid hormone signaling in the liver. The THRSP gene can be rapidly upregulated by the thyroid hormone (TH) [1] [2] [3] [4] , a component of the hypothalamic-pituitary-thyroid axis that is involved in the stress responses 38 . Previous studies demonstrated that the activity of thyroid hormones (THs) is regulated at the transcriptional level by specific nuclear receptors that are encoded by the TH receptor-α (THRα) and TH receptor-β (THRβ) genes 39, 40 . To determine whether the thyroid hormone signaling participates in the regulation of THRSP in the liver, we measured the mRNA expression levels of THRα and THRβ, and other known TH target genes including Dio1, Dio2, ADH1B and PIK3CA 41, 42 in the livers after treatment with 17β-estradiol. Although expression level of THRα was significantly downregulated in livers treated with 17β-estradiol compared to control (p < 0.05), no dramatic change of any other gene measured was observed (Fig. 6 ). These data indicate that the increase of THRSP by 17β-estradiol do not via TH singling pathway.
Identification of the putative estrogen receptor binding site in the THRSP promoter. By sequence comparison analysis, a putative estrogen receptor binding site located between −2390 and −2402 bp upstream of the THRSP promoter was found (Fig. 7A) . The ChIP-qPCR analysis demonstrated that the putative ERα binding site in the THRSP promoter sequence could be detected efficiently both in Input and IP samples as it was done in the positive control of the APOV1 promoter binding site, where the gene IgG was a negative control. The fold enrichment was calculated and shown in Fig. 7B .
Discussion
Many studies have reported that THRSP is expressed predominately in lipogenic tissues such as liver, fat and the mammary gland in mammalian systems 2, 3 . THRSP in birds was first identified as an EST in the liver of chickens, and its expression and regulation were not well understood. Here we performed analysis of the tissue distribution of THRSP mRNA both in juvenile hens and laying hens. Results were similar to mammalian systems in that THRSP had relatively high mRNA expression levels in lipogenic tissues, liver and abdominal fat (Fig. 1) . A recent study on ducks compared the mRNA expression levels of THRSP in the liver, sebum cutaneum fat and abdominal fat collected from 6-week-old ducks 16 , and found that THRSP had a higher mRNA expression level in fat tissue than in the liver. In our results, we also found higher mRNA expression levels in abdominal fat than in the liver in juvenile hens. However, THRSP mRNA levels were 2-fold higher in the live compared with adipose in laying hens. It is known that the liver synthesizes more than 90% of the lipids. In contrast, abdominal fat is the main storage organization. The THRSP gene has been shown to be a lipogenic gene, and mostly involved in the liver lipid synthesis biological process in birds. The increase of THRSP gene expression in the laying hens implied a more active THRSP in the livers of laying hens than that in the livers of 10-week-old pullets. In this case, we detected the expression patterns of THRSP in the liver at different developmental stages; expression patterns were similar with the chicken egg production curve. Together, these results suggest that THRSP is involved in lipid metabolism in the liver of chickens.
THRSP plays an important role in lipogenic tissues and in regulating the key genes of lipogenesis [6] [7] [8] . Here we reported different THRSP mRNA expression levels between natural populations of juvenile and laying hens. The difference is easily associated with different physiologically active adipose synthesis in the livers of laying hens. It is reported that egg production behavior is controlled by the hypothalamic-pituitary-gonadal axis (HPG) and sex hormones, especially estrogen. The levels of estrogen in laying hens are significantly higher than in pullets 28, 29 . Estrogens initiate the transcription of estrogen-dependent genes and enhance the stability of the transcripts 43 .
Our in vivo and in vitro studies strongly suggest that estrogen upregulates the expression level of THRSP (Figs 3  and 5) . Meanwhile, our data also excluded the possibility that changes of expression level of THRSP in chicken liver treated with estrogen were caused by the TH singling pathway (Fig. 6) . Therefore, we believe that THRSP is involved in the estrogen regulation network. We also observed that the expression of THRα was downregulated by estradiol treatment (Fig. 6A) . It has been reported that there is a striking similarity between the ERE and TRE, resulting a repression of activated ERs by TRs 44, 45 . A recent study suggests that increased expression of THRSP is associated with ER-positive status in mouse with breast cancer 46 . It seems that the downregulation of THRα might be caused by the competitive inhibition or feedback regulation of the activated ERs. Importantly, the downregulation of THRα did not lead to the activation/inhibition of the TH singling pathway.
Another study reported that progesterone significantly increased the expression level of THRSP in female subcutaneous WAT in rat 47 . Considering the similarity of tissue distribution patterns of THRSP, we suggest that THRSP can be upregulated by estrogen in both between the chicken and the mammals.
To date, there are many transcription factor responsive elements in the promoter of THRSP in mammals, such as TRE, ChoRE, and SRE. Thus, the THRSP gene can be quickly activated by T3 and carbohydrate 4, 5 . To understand further the regulation mechanism of THRSP in chickens, we analyzed the 3000 bp promoter of THRSP bases to the transcriptional start site. In our data, we found a conscious ERE in the −2434 -−2422 range (Fig. 7A ). Next we found that the ERE site is a positive binding site for ERα by ChIP-qPCR. We therefore conclude that THRSP is directly regulated by estrogen and is involved in the estrogen regulation network in chicken. Nevertheless, a perturbation of the ERE by gene editing or site-directed mutagenesis may further support this conclusion. THRSP has served as an important lipogenic gene, but the exact mechanism of THRSP involved in mammalian and avian lipid metabolism has not been well characterized. Here our study suggests that the chicken THRSP gene can be directly regulated by estrogen, which is considered to be the primary regulator of lipid metabolism (Fig. 8 ). This opens a new perspective in avian lipid metabolism. However, the synergistic and/or competitive actions of TH, estrogen, glucose, carbohydrate and other nutritional factors in THRSP expression need to be investigated further.
